As the first structural elucidation of a modular polyketide synthase (PKS) domain, the crystal structure of the macrocycle-forming thioesterase (TE) domain from the 6-deoxyerythronolide B synthase (DEBS) was solved by a combination of multiple isomorphous replacement and multiwavelength anomalous dispersion and refined to an R factor of 24.1% to 2.8-Å resolution. Its overall tertiary architecture belongs to the ␣͞␤-hydrolase family, with two unusual features unprecedented in this family: a hydrophobic leucine-rich dimer interface and a substrate channel that passes through the entire protein.
M odular polyketide synthases (PKSs) are a family of multienzyme complexes that synthesize the polyketide cores of biologically active compounds, including natural products that have become important pharmaceuticals, such as erythromycin, rifamycin, FK506, rapamycin, and avermectin (1) . Their remarkable combination of substrate tolerance and selectivity is largely because of their modular architecture, in which different catalytic domains are combined into ''modules'' ( Fig. 1) , such that each module contains several enzymes and adds one additional building block to a growing polyketide chain. 6-Deoxyerythronolide B synthase (DEBS) is a modular PKS that catalyzes the biosynthesis of 6-deoxyerythronolide B (6-dEB, 1, Fig. 1 ), the macrocyclic core of the antibiotic erythromycin (2, 3) . The entire DEBS is a homodimer containing two copies each of 28 catalytic domains organized into a loading didomain, six extension modules (each composed of several domains), and a terminal thioesterase (TE) that cyclizes and releases the final product, 6-dEB (1, Fig. 1 ). Combinatorial substitution of enzymes of DEBS, by others from rapamycin PKS, gave rise to over 100 novel compounds at varying yields (4) . To date, no structure of a modular PKS component has been reported. When the structures of individual domains are determined, there will be opportunity to apply structure-based principles of protein engineering in next-generation efforts to rationally design novel polyketide products.
The TE domain of DEBS catalyzes the cyclization and release of a highly functionalized heptaketide chain via lactonization (Fig. 1 ). This domain is covalently linked to the rest of DEBS via the acyl carrier protein on the sixth module (ACP6), which transfers the final linear form of the polyketide substrate to the TE via a phosphopantethienyl arm attached to ACP6. DEBS TE is a homodimer with a molecular mass of 66 kDa. At least 12 other modular PKSs are known to harbor homologous terminal TE domains, with 29-75% sequence identity compared with DEBS TE. Chain release by modular PKS TEs involves regioselective cleavage of an acyl-enzyme intermediate by a specific hydroxyl group on the polyketide substrate, leading to the formation of a macrocyclic product (Fig. 1) . Although the natural product of DEBS TE is a 14-membered ring, this enzyme has been shown to support the formation of alternatively functionalized 6-, 8-, 12-, 14-, and 16-membered ring systems (5, 6 ). These observations underscore the tolerance of DEBS TE for the generation of a spectrum of cyclic products. Given the importance of this reaction in synthetic chemistry (and natural product chemistry in particular), understanding the mechanism and substrate specificity of DEBS TE presents new opportunities for chemoenzymatic synthesis of complex molecules by modification of the enzyme and substrates.
To date, four crystal structures of hydrolytic TEs (involved in fatty acid synthesis and metabolism) have been solved (7) (8) (9) (10) . These enzymes have only 2-8% sequence identity with macrocycleforming TEs such as DEBS TE. The crystal structure of the DEBS TE reported here reveals an unusual hydrophobic leucine-rich dimer interface and an open substrate channel that passes through the entire enzyme. The structure provides a basis for understanding the substrate specificity of this enzyme (11, 12) , as well as the pathway by which polyketide chains are channeled into its active site. It also defines specific amino acids that could be mutated in attempts to generate novel polyketides. Lastly, docking studies between the TE dimer and the preceding domain, ACP6, suggest that the 2-fold axis of the TE dimer and the entire DEBS homodimeric assembly coincides. The implications of this architecture for interdomain chain transfer are discussed.
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Methods
Expression, Purification, and Crystallization. Recombinant DEBS TE was expressed in Escherichia coli and purified as described (11) . Selenomethionine-substituted DEBS TE was generated by using the method of Van Duyne (13) and purified as above. TE eluted from a Ni-agarose column was further purified by using a Poros HQ column (PerSeptive Biosystems, Framingham, MA) and eluted at 0.8 M NaCl.
Crystals of DEBS TE were grown in hanging drops at 4°C by vapor diffusion. The well buffer was 30% polyethylene glycol 400͞100 mM Hepes, pH 7.5͞2 mM DTT͞100 mM MgCl 2 . Protein concentration was 10 mg/ml in 20 mM Hepes, pH 7.5͞2 mM DTT. Drops were generated by mixing 4 l of the purified protein solution with 4 l of well buffer. Trigonal TE crystals, 300 ϫ 300 ϫ 200 m, grew in several weeks.
Data Collection. Crystals were flash cooled to Ϫ170°C. Native data to 2.8-Å resolution were collected on an ADSC Quantum-4 chargecoupled device detector at beamline 5.0.2 of the Advanced Light Source (Berkeley, CA). The space group was P3 1 21 with unit cell dimensions a ϭ 130.5 Å, c ϭ 208.5 Å. The density as measured by floatation in a Ficoll gradient (14) shows 76% solvent content, corresponding to three TE monomers per asymmetric unit. Intensities were integrated and scaled by using the HKL package (15) with no cutoff. The data from Sm 3ϩ -(4.0 Å) and Ni 2ϩ -(4.3 Å) soaked crystals were collected on a MAR-Research (Hamburg, Germany) image plate at beamline 9-1 of the Stanford Synchrotron Radiation Laboratory (SSRL). Multiwavelength anomalous dispersion (MAD) data of Sm 3ϩ -soaked (4.0 Å) and Se-derivatized (4.0 Å) crystals were collected on an ADSC Quantum-4 charge-coupled device detector at beamline 9-2 of SSRL. Statistics are shown in Table 1 .
MIR and MAD Phasing, Model Building, and Refinement. Phases were calculated by a combination of multiple isomorphic replacement (MIR) and MAD. Two derivatives were identified from 250 heavy atom soaks. Ni 2ϩ (a ϭ 131.0, c ϭ 209.0 Å) was found to bind to the TE at its C-terminal His 6 tag; Sm 3ϩ (a ϭ 131.4, c ϭ 209.5 Å) was also found to bind to the TE and was used to collect both isomorphous and MAD data. The MIR derivative data sets were scaled to the native and were isomorphous with the native data; the MAD derivative data sets were scaled to the far remote wavelength, and heavy atom parameters were refined with the program CNS (16) . Seven sites in the Sm 3ϩ derivative were identified in difference Patterson maps and used to phase all other derivatives, revealing five Ni sites, six Sm sites in the MAD data set of Sm 3ϩ derivative, and 21 Se sites in the MAD data set of Se derivative. The 21 Se sites correspond to seven sites per monomer that account for all methionines except the first methionine (Met-1), which is disordered. The phases from MIR and MAD were combined by using CNS, and the initial 4.3-Å MIR-MAD map was used as a starting point for ''solvent flipping'' in CNS, followed by phase extension (0.0025 Å per cycle of density modification) to 2.8 Å ( Table 1) .
The initial map showed a single continuous density for the main chain with strong side-chain features that allowed unambiguous sequence assignment for 90% (residues 15-281) of the 294 residues in DEBS TE. The model was built by using QUANTA, and the initial model gave an R factor of 42.2% over the resolution range 20-2.8 Å. Refinement in CNS by a combination of simulated annealing, energy minimization, and B factor refinement reduced the R cryst and R free values to 27.3 and 29.4%, respectively, without including any solvent. Water molecules were added and edited based on F o Ϫ F c maps. Subsequent refinement resulted in R cryst and R free values of 24.1 and 25.1%, respectively.
Two of the three monomers in the asymmetric unit (monomers A and C) are almost identical, with a rms deviation for backbone atoms of Ͻ0.5 Å. Monomers A and C each interact with three other surrounding monomers. The density for monomer B is much less well defined, indicating its relative disorder, reflected in the much higher B factors than for A and C (Table 1) . For this reason, noncrystallographic symmetry averaging was not used. We tested whether this is because monomer B interacts only with monomer A, which leads to a higher rigid-body displacement of monomer B in the lattice. The displacement parameters of the three monomers were parameterized by allowing separate relative rigid-body displacements of each monomer separately, as being a component of the individual B factors within each monomer. This was carried out by using REFMAC 5 in the CCP4 suite with additional refinements on the T, L, and S displacement tensors (17) . The T, L, and S displacements for monomer B are 10-20 times larger than for A and C, and the rigid body approximation supported an R factor of 23.9% (R free ϭ 27.6%) to 2.8 Å. Correction of the TLS-refined model for the underlying rigid body displacement resulted in an ordered model of monomer B that has comparable B factors to monomers A and C (Table 1) . Therefore, the high B factors of monomer B are because of high displacement instead of high thermal disorder. Water molecules were then reinspected and edited after TLS refinement.
Results and Discussion
Overall Structure. The overall structure of the DEBS TE offers the first structural observation of a modular PKS domain. Each TE monomer has the features of the ␣͞␤ hydrolase fold (18, 19) ; however, this TE has an unusual substrate channel that passes through the entire protein, with the active site (Asp-169-His-259-Ser-142) located in the middle of the substrate channel (Fig. 2) . DEBS TE consists of a central seven-stranded ␤-sheet with the second strand (␤ 2 ) antiparallel to the remaining strands (Fig. 2 A) . The ␤ 7 strand is shorter than ␤ 8 , and the C terminus of ␤ 7 is twisted 90°to form part of the substrate channel (Fig. 2 A) . The ␤ strands Fig. 1 . The modular architecture of DEBS, its intermediates, and its final product as the 14-membered ring of 6-dEB. AT, acyltransferase; ACP, acyl carrier protein; KS, ketosynthase; KR, ketoreductase; DH, dehydratase; ER, enoylreductase; TE, thioesterase.
are flanked on either side by ␣ helices, two on one side and four on the other. Two additional ␣ helices at the N-terminal end of the TE make up the dimer interface (Fig. 2 A) .
Significantly, residues in each secondary structural feature are highly conserved (especially in regions surrounding the catalytic triad) among TEs that catalyze the release of polyketide chains from modular PKSs. Many of these conserved residues (Fig. 3 , purple F) are presumably important in maintaining the TE fold as a result of their location at conserved turns or through hydrogen bond networks and packing between different regions of the protein. Hydrophobic residues that form the active site and those that line the channel are also conserved among PKS TEs (Fig. 3 , purple S). Together, these observations suggest that the fold, the channel, and the catalytic triad are conserved among TEs from different modular PKSs.
The Hydrophobic Leucine-Rich Dimer Interface and the 2-Fold Axis.
Modular PKSs, including the TE domains, function as homodimers; therefore, the 2-fold axis of the DEBS TE dimer may provide insights into the 2-fold axis of symmetry and the quaternary structural design of the entire DEBS. DEBS TE was confirmed to be a monodispersed dimer in solution, as measured by dynamic light scattering (DLS) and size exclusion chromatography. One dimer (CϪ and its partner CЈ) lies on the crystallographic 2-fold axis. The noncrystallographic 2-fold dimer AϪB has the same dimer interface, suggesting that the interface is retained in intact DEBS. The dimer interface, with a buried surface area of 1,726 Å 2 ( Fig. 2B) , consisted of the two N-terminal ␣-helices ␣1 and ␣2 (Fig. 2 A-C) . A total of eight conserved leucines (Leu-18, -37, -38, and -41) and two phenylalanines (Phe-44) interact at the dimer interface (Fig.   2B ), which is highly unusual in ␣,␤-hydrolases, whose dimer interfaces are generally of an electrostatic nature (18) . Because the leucines that form the hydrophobic leucine-rich dimer interface (Fig. 3, purple D) are conserved among different TE domains from modular PKSs, these TEs may also have a similar hydrophobic dimer interface and 2-fold axis. Preliminary structural data indicate that this is indeed the case for the crystal structure of the terminal TE domain from the picromycin synthase (S.-C.T., R. Lu, D. E. Cane, C.K., and R.M.S., unpublished results).
ACP6 Docking and the 2-Fold Axis. To investigate the possible association with the upstream domain that transfers the substrate to the TE, the crystal structure of DEBS TE dimer was docked against a homology model of the ACP6 monomer. ACP6 is covalently linked to the TE in DEBS. A homology model of ACP6 was generated by appropriate sequence substitutions into an averaged NMR structure of the actinorhodin ACP (2AF8) (20) , which shares 48% sequence similarity with ACP6. [The model was obtained via the Swiss Model server (21) ]. Previous structural studies of several ACPs have revealed characteristic electronegative patches on their surfaces, which are thought to facilitate proteinprotein interaction between ACPs and other PKS domains or subunits, including the TE (20, 22) . Computer-simulated docking between the ACP6 model and the DEBS TE structure was carried out by using the program FTDOCK (23) , revealing that the most probable docking site for ACP6 on the TE is an electropositive groove ( Fig. 2 C and D) , which includes five highly conserved arginine residues (Fig. 3, purple R) . The most favorable configuration predicted by FTDOCK (Fig. 2 D and E) , based on binding energy and surface shape complementation, is plausible in light of three observations. First, in this configuration, extensive proteinprotein interactions covering a surface area of 1,147 Å 2 are predicted at the ACP6-TE interface, in which negatively charged residues of ACP6 interact extensively with the arginine groove of TE (Fig. 2E) . Second, in the crystal structure of the TE, the arginine groove is located close to the N terminus (Ϸ5 Å to residue 15, Fig.  2 C and D) . Because the C-terminal end of ACP6 is connected to the N-terminal end of the TE without an intervening linker region, the docking sites in the TE and ACP6 should bring these two close to each other. Third, the 2-fold axis of the TE dimer is used to generate the dimeric partner of the docked ACP6 monomer (Fig.  2D) , and the two ACP6 monomers themselves reveal a complementary interface. This result is consistent with the DLS measurements of an isolated ACP domain from DEBS, showing that it exists as a dimer. Thus, the observed 2-fold axis of the TE dimer may be the 2-fold axis of the entire DEBS dimer with adjacent catalytic domains arranged sequentially along the axis (Fig. 2D Left) .
A Unique Substrate Channel. The substrate channel of DEBS TE is unique not only in its openness on both sides but also in its shape, which must contribute to the observed substrate specificity of DEBS TE. None of the four fatty acid synthase TE structures previously solved has a substrate channel. It is rare to observe such an open substrate channel for an enzyme belonging to the ␣͞␤ hydrolase family (19) . This unique substrate channel is lined by highly conserved hydrophobic residues (Fig. 3 , purple S) and nine nonconserved hydrophilic residues. The active side triad, His-259-Asp-169-Ser-142, is located in the middle (7.5 Å from the N-terminal surface) of the substrate channel. The site of the covalent attachment of the acyl chain to the active site during catalysis is at catalytic residue Ser-142, located in the nucleophilic elbow between ␤ 6 and ␣ 5 , a feature that is characteristic of ␣͞␤ hydrolases (18) . Asp-169, His-259, and Ser-142 form the hydrogen-bonded catalytic triad. This catalytic triad agrees with the general mechanism for TEs of this family, in which His-259, stabilized by Asp-169, acts as the catalytic base that accepts the proton from Ser-142, as it attacks the ACP6-bound thioester substrate, to yield an acyl-O-serine intermediate. The NH of Ala-143 may serve as the oxyanion stabilizing residue. The enzymebound intermediate is subsequently attacked either by water (hydrolysis) or in this case by a hydroxyl group on the polyketide chain (cyclization) (Fig. 1) .
The substrate channel runs through the protein over a distance of Ϸ20 Å, with a mouth diameter of 8 Å on the side containing the N terminus (referred to as the N-side) and 5.5 Å on the side containing the C terminus (referred as the C-side). From the exterior (Fig. 2C) , the substrate channel appears to be a long narrow channel that can accommodate only a linear polyketide chain. However, the interior of the substrate channel reveals a flat wide cavity around the catalytic triad, with a maximum diameter of 15 Å (Fig. 4A) . Manual docking of the product 6-dEB (Fig. 1 ) into this cavity, followed by energy minimization, demonstrates that 14-membered macrolides can fit into the cavity without altering the protein conformation. When the C-1 carbonyl carbon of 6-dEB is constrained to be covalently bonded to the hydroxyl group of Ser-142, as must occur in the acyl-O-serine intermediate, the macrocycle can be accommodated in only one stereochemical orientation within the active site (Fig. 4) . The validity of this model for TE-macrocycle association is reinforced by two observations. First, in this orientation, the C-13 ethyl side chain of 6-dEB points A global view shows that the arginine groove is the primary docking site for ACP6. A monomer of ACP6 (red) was docked against the TE dimer (green). It forms a dimer with the ACP6 dimer partner (brown), generated by rotation of the docked ACP6 around the TE dimer 2-fold axis. This suggests that the 2-fold axis of TE dimer may be the 2-fold axis of the entire modular PKS. The proposed overall quaternary structure of DEBS based on the coincidence of 2-fold axes for the TE and modeled ACP6 domains are shown as a miniature blue and red dimer (Left). The direction of the DEBS polypeptide chains from N-to C-terminal as indicated suggests that adjacent reactions may be specified to take place from either one of the polypeptide chains. (E) The docked ACP-TE interface shows Asp-45, Ser-46, Glu-71, His-72, and Pro-73 (purple) of ACP6 interacting with the Arg-19, Arg-23, Arg-193, and Arg-197 (blue) of TE. Hydrogen bonds are colored in green. The figure was generated by using GRASP (27) and SWISS PDB VIEWER rendered with POV-RAY (21) .
toward the channel opening (Fig. 4) and should therefore tolerate other substituents, and DEBS TE can generate erythronolide derivatives with an extremely broad range of C-13 substituents (24) . Second, the cavity is wide enough to accommodate a slightly larger macrocycle, a feature that is consistent with the proven ability of DEBS to catalyze the biosynthesis of 16-membered macrocycles (6) .
By probing the substrate channel with the docking simulation, several predictions can be made. The model suggests that the backbone NH of Ala-143 lines the oxyanion hole and acts as a hydrogen bond donor to the C-1 carbonyl in the presence of an attacking nucleophile. Second, the bridging oxygen in the lactone (O-13) is within hydrogen-bonding distance of His-259, suggesting that His-259 promotes deprotonation of the corresponding hydroxyl group in the acyl-enzyme intermediate. Several key residues in the substrate channel are within hydrogen-bonding distance of nonreactive functional groups on the polyketide backbone and are likely to influence its substrate specificity. In particular, C-3OOH hydrogen bonds to Asn-180 and the backbone carbonyl of Tyr-171, C-5OOH hydrogen bonds to Asn-180 and Glu-184, and both C-9AO and C-11OOH hydrogen bond to the side-chain of Thr-76 and the backbone NH of Ala-77 (Fig. 4B) . These extensive hydrogen-bonding interactions steer the polyketide chain such that only C-13OOH is close to C-1AO for lactonization to take place. Consistent with our prediction, earlier studies have shown that simple analogs of the natural substrate of the DEBS TE that lack these functional groups can be hydrolyzed but not cyclized by the TE (11, 25) , presumably because of the lack of hydrogen bonds to steer the substrate in a conformation and orientation favorable for cyclization. Further, DEBS TE has a marked preference for the (2R, 3S) diastereomer of a 2-methyl-3-hydroxy-acyl chain substrate over its (2S, 3R) diastereomer (11) . This is consistent with the hydrogen-bonding pattern at C-3OOH (Fig. 4B) , because the C3OOHOAsn-180 hydrogen bond can form only between TE and the (2R, 3S) diastereomer. Lastly, the higher hydrolysis turnover for longer polyketide substrates versus shorter ones (11) can also be rationalized as a result of the hydrophobic interactions that could be expected to occur between a long alkyl chain and the active site.
Two key residues in the hydrogen-bonding scheme (Fig. 4B ), Asn-180 and Glu-184, are located on the ␣ 6 helix, which has the highest B factors. Not only does this helix influence the shape of the substrate channel, but it is also the least conserved region among TEs from different modular PKSs (Fig. 3, residues 177-190) . It is possible that this ␣ helix may be flexible and adapt to different polyketide substrates. The analysis of the substrate channel therefore offers strategies to systematically alter the substrate specificities of TEs by mutation of residues involved in defining the substrate channel.
The Mechanism and Its Implications. On the basis of the crystal structure of the DEBS TE, associated modeling studies, and available experimental data, the following mechanism is proposed for the TE-catalyzed release of 6-deoxyerythronolid B from DEBS (Fig. 5) . ACP6 binds to TE on the N-side via the assistance of a covalent linkage and interactions at the arginine groove of the TE. The polyketide chain is inserted into the long substrate channel of the TE, where it is transacylated from the phosphopantetheinyl arm of ACP6 to the nucleophilic Ser-142 in the active site of the TE. The accurate orientation of the polyketide chain in the active site residues and several functional groups (C-1AO, C-3OOH, C-5OOH, C-9AO, C-11OOH, C13OOH) on the polyketide chain (Fig. 5A) . This results in positioning the C-13OOH next to the acyl-O-serine linkage. The active site is shielded from external water molecules as the competing nucleophile, on the N-side (diameter 8.0 Å) by the entire modular DEBS and on the C-side (diameter 5.5 Å) by the anchored polyketide chain (diameter 7.0 Å, Fig. 5B ). Deprotonation of C-13OOH is facilitated by the basic His-259, leading to the displacement of the enzyme to yield the final product, 6-dEB (Fig. 5C) . The hydrogen-bonding scheme in the active site also ensures that a unique 14-membered ring product is formed between C-1AO and C-13OOH instead of other hydroxyl groups on the substrate. The product may dissociate from the substrate channel via the C-side, in which case protein conformational change to widen the C-side may occur, possibly via the movement of helix-␣6, which has the highest B factors of TE and is held by only two loops on either side of the helix (Fig. 2 A) . Subsequent enzyme turnover can then continue by the binding of substrate from the N-side.
The mechanism, based on the crystal structure of DEBS TE, can be used for three purposes. First, it allows the design of libraries of acyclic substrates that, on presentation to the DEBS TE, should undergo regioselective cyclization to generate conformationally constrained products. Efficient synthesis of such macrocycles is an important objective in synthetic chemistry, and the resulting small molecule libraries could provide clinically useful leads. Second, it provides a rational basis for the choice of DEBS TE (or any of its homologs) as a terminal TE in the design of engineered modular PKSs. Given the enormous potential of PKS modules to process natural and unnatural substrates (26) , the installation of terminal TE domains that are kinetically competent for chain release (especially if it involves concomitant cyclization) is important for future efforts in combinatorial biosynthesis by using modular PKSs. Finally, it is possible that the polyketide chain may be processed by passing from ACP6 to the N-side for cyclization and may exit through the C-side of DEBS TE. This hypothesis, coupled with the common 2-fold axis of the TE and the modeled ACP6 dimer, suggests a quaternary structure of DEBS (Fig. 2D) , in which the covalently linked domains are arranged predominantly as homodimers around a common 2-fold axis that may run through the entire DEBS homodimer. Such an arrangement would allow successive catalytic events to be carried out by domains that may lie on either of the 2-fold related chains.
